The influence of the substrate on the structure and the microstructure of Ca 2 Fe 2 O 5 ͑CFO͒ thin films has been investigated by transmission electron microscopy. Ca 2 Fe 2 O 5 films have been deposited by pulsed laser deposition on ͑001͒-oriented SrTiO 3 ͑STO͒, LaAlO 3 ͑LAO͒, and (LaAlO 3 ) 0.3 (SrAl 0.5 Ta 0.5 O 3 ) 0.7 ͑LSAT͒ substrates. Minor variations in the lattice mismatch of the CFO film with the three different substrates strongly determine the growth direction of the film. The misfit stress also promotes the development of strain accommodation mechanisms. ͑101͒ ''orthogonal'' twins are formed to accommodate the misfit in epitaxial films of CFO on STO͑001͒ and LSAT͑001͒, while CFO films on LAO͑001͒ develop 90°rotation twins leading to film fragmentation into grains. The growth direction of the CFO film on LAO not only depends on the lattice mismatch but also on the lattice energy involved at the initial stages of the growth process. Our results also evidence the formation of an unexpected phase with composition Ca 3 Fe 2 O 7 in CFO thin films on STO and LSAT. High-resolution microscopy and electron diffraction suggest that this structure belongs to the Ruddlesden-Popper family.
I. INTRODUCTION
Oxygen-deficient perovskite-type and the related brownmillerite-type compounds have been studied intensively over the last years, since they are applied to solid ionic conductors used in fuel cells and oxygen sensors. [1] [2] [3] [4] The high ionic conductivity achieved by the perovskiterelated brownmillerites A 2 B 2 O 5 ͑AϭCa,Sr,Ba,La;B ϭFe,Co,Ga,In,Gd,Dy͒ are attributed to the high intrinsic population of anion vacancies in their lattice. The oxygen vacancies in A n B n O 3nϪ1 perovskites are favored by the ability of the B ions to adopt a coordination different from the octahedral environment. Moreover, the presence of a 3d transition metal at the B position gives rise to interesting electrical and magnetic properties. In this sense, perovskites containing iron in an unusually high valence state of Fe 4ϩ (d 4 ) are unique. The variable-valence Ca n Fe n O 3nϪ1 (nϭ2Ϫϱ) perovskite system enables us to correlate the effects of oxygenvacancy ordering in the crystal structure with the electronic properties. The oxygen-deficient end member CaFeO 2.5 (n ϭ2) has a Fe 3ϩ cation in an ionic regime and presents an antiferromagnetic behavior. Ca n Fe n O 3nϪ1 (2ϽnϽϱ) compounds have been synthesised under high pressures and elevated temperatures by Gibb et al. 5 It was found that these compounds exhibit Fe 5ϩ rather than Fe 4ϩ . In this system, a charge disproportionation is favored over a Jahn-Teller distortion due to the strong covalent character in the Fe-O bond. 6 The other end member of the system CaFeO 3 (n ϭϱ) shows a metal-insulator transition at 290 K accompanied by a charge disproportionation at low temperature 7 [12] [13] [14] [15] Recently, single crystals of CaFeO 3 were obtained as thin films at a surprisingly low pressure ͑1 kPa͒. 16 It is well known that in a stressed thin film, the local structure-and even the symmetry-may be different from the bulk. Strain due to lattice mismatch can induce local nonstoichiometry, resulting in small lattice distortions and atom displacements. Since electric and magnetic properties are strongly correlated to crystal orientation, defects, and interface structure, it is important to characterize the local structure of the thin film and the relation to the substrate in order to be able to manipulate the properties of the epitaxial Ca 2 Fe 2 O 5 thin films.
In the present article, we report structural studies of epitaxial Ca 2 Fe 2 O 5 thin films deposited on three different ͑001͒-oriented perovskite-related substrates. Transmission electron microscopy ͑TEM͒ and, in particular, highresolution electron microscopy ͑HREM͒, and electron difa͒ Author to whom correspondence should be addressed; electronic mail: gvt@ruca.ua.ac.be fraction ͑ED͒ enable us to determine the microstructure of the films and the interfaces.
II. EXPERIMENT
Epitaxial CaFeO 2.5 ͑CFO͒ thin films are grown on polished ͑001͒-oriented SrTiO 3 ͑STO͒, LaAlO 3 ͑LAO͒, and (LaAlO 3 ) 0.3 (SrAl 0.5 Ta 0.5 O 3 ) 0.7 ͑LSAT͒ substrates by pulsed laser deposition using a KrF excimer laser ͑ϭ248 nm͒. The target was prepared by a conventional solid-state process. An appropriate mixture of CaCO 3 ͑99.99% pure͒ and ␣-Fe 2 O 3 ͑99.9% pure͒ powders was calcined at 1100°C for 6 h in air, regrinded, pressed into a disk of 20 mm diameter, and finally sintered at 1200°C for 5 h in air. X-ray measurements confirmed that the target was a single phase compound of CaFeO 2.5 . During the deposition, the substrate temperature was kept at 650°C and the oxygen pressure in the chamber was settled at 10 Pa. The deposition rate was 0.05 nm/s with a pulse frequency of 1 Hz. After the deposition, the samples were cooled to room temperature at the same oxygen pressure.
X-ray diffraction measurements were performed with Cu K␣ 1 radiation monochromatized by Ge ͑111͒ channel-cut crystals ͑Rigaku, ATX-G͒. Samples for TEM were prepared in cross-section and in plan-view. Cross-section samples were cut parallel to a cube plane of the STO, LSAT and LAO substrates and mechanically ground to a thickness of about 20 m, followed by final ion milling under grazing incidence until electron transparency was obtained. Plan-view specimens were prepared parallel to the ͑001͒ plane of the substrate by thinning from the substrate side. They may contain either a substrate-free area or a sandwich of the film on a thin layer of substrate.
ED and HREM studies were performed using a JEOL 4000EX microscope operated at 400 kV. Energy dispersive x-ray ͑EDX͒ analysis was carried out with a Philips CM20 microscope equipped with a LINK-2000 attachment. For the EDX analysis, results were based on the Fe (K) and Ca (K) lines in the spectra. Image simulations were made using the MacTempas software. The NIH Image 1.60 software was used for image processing.
III. STRUCTURAL CONSIDERATIONS
The CaFeO x system exhibits many distinct compounds in the oxygen composition range 2.5рxр3.0 with nominal composition Ca n Fe n O 3nϪ1 (nϭ2Ϫϱ). 5, 7, 10 Only two structures, nϭ2 and nϭϱ, are known from literature. The n ϭ2 member Ca 2 Fe 2 O 5 has a brownmillerite structure with space group Pcmn and lattice parameters aϭ0.5595 nm, b ϭ1.4827 nm, and cϭ0.5431 nm. 10 The structure of Ca 2 Fe 2 O 5 is built up by alternating layers normal to the b axis of distorted FeO 6 corner sharing octahedra and FeO 4 tetrahedra with Ca atoms located at eight-coordinated interstices of this framework. 10 The Ca 2 Fe 2 O 5 structure is derived from the parent cubic perovskite by removing one-third of the oxygen ions in every other (0k0) layer of octahedra in rows parallel to the ͓110͔ c axes. The relation between the brownmillerite unit cell (a,b,c) and the basic perovskite cell (a p ) is given by aϷͱ2•a p , bϷ4•a p , cϷͱ2•a p . At 700°C, Ca 2 Fe 2 O 5 undergoes a second-order phase transition from Pcmn to Icmm. The transition induces a change in the tilting of the octahedra and displacement of the oxygen ions in the tetrahedra that build up the structure in alternating layers.
The room-temperature structure of the end member CaFeO 3 (nϭϱ) is orthorhombic perovskite based ͑space group Pbnm, aϭ0.5326 nm, bϭ0.5353 nm, cϭ0.7540 nm). This structure is a distortion of the ideal perovskite structure by tilting the octahedra. 7 Nevertheless, below ϳ290 K, a metal-insulator transition occurs lowering the symmetry to monoclinic ͑space group P2 1 /n, aϭ0.5312 nm, b ϭ0.5348 nm, cϭ0.7521 nm, ␤ϭ90.065°͒.
Four other members have been synthesised by Gibb et al. 5 by using a high pressure of oxygen at an elevated temperature: CaFeO 2.6 (nϭ2.5), CaFeO 2.69 (nϷ3.5), CaFeO 2.8 (nϭ5), and CaFeO 2.83 (nϭ6). Their lattice parameters fall into the range delimited by CaFeO 2.5 and CaFeO 3 lattice parameters, the unit cell decreases with increasing oxygen content. The above Ca n Fe n O 3nϪ1 mentioned compounds are stable at room temperature, but very high oxygen pressures are needed to oxidize them.
The SrTiO 3 ͑STO͒ substrate has a cubic perovskite structure with space group Pm3m and lattice parameter a STO ϭ0.3905 nm. The STO structure can be described as a succession of ͑001͒ charge compensated alternating TiO 2 and SrO layers. Thus, without special treatment, the STO͑001͒ surface on which film growth takes place can consist either of a TiO 2 layer or of a SrO layer.
LaAlO 3 ͑LAO͒ also has a perovskite-based structure. However, it undergoes a structural phase transition as a function of temperature. Above Tϭ544°C, the structure is cubic ͑Pm3m͒, whereas below this temperature, the phase is rhombohedral R3c with lattice parameters a LAO ϭ0.536 nm, and c LAO ϭ1.311 nm. The symmetry breaking at the phase transition induces domain formation in the low-temperature phase. For simplicity, and for comparison of the film with the substrate, the indexing will be referred to the perovskite structure and the LAO unit-cell parameters will be expressed with reference to the pseudocubic lattice where a p,LAO ϭ0.379 nm. It should be noted that the CFO films are grown above T c of the LAO substrate, whereas the structural studies are performed at room temperature, i.e., below T c .
( and Ta 5ϩ in the B site may occur due to the differences in ionic radii and charges resulting in a doubling of the cell parameter (a p,LSAT ϭa LSAT /2ϭ0.3868 nm). Table I presents the lattice mismatch f for the six probable epitaxial relations, with the b CFO axis perpendicular and parallel to the interface of the three different substrates. The lattice mismatch is defined as f ϭ(d CFO Ϫd subs )/d CFO , where d CFO and d subs are lattice planes of the CFO and the substrate, respectively. The most favorable epitaxial relations, corresponding to minimum stress energy, are those that show a smaller lattice mismatch value ͑marked in bold in Table I͒ . A cross-section ED pattern of a CFO/LSAT specimen along ͓101͔*-CFO is shown in Fig. 3͑a͒ . The ED pattern is a superposition of the patterns from substrate and film. The most intense reflections, which form a square pattern, are due to the LSAT substrate, whereas the weaker ones are due to the CFO film. The pattern shows an intensity and spot distribution typical for the CFO compound. The presence of 0k0 reflections with k 2n in the ͓101͔* pattern violates the extinction conditions imposed by the Pcmn space group. The intensity of these reflections however is systematically lower than the intensity of the kϭeven. The appearance of these forbidden reflections can be attributed to double diffraction. From the ED pattern ͓Fig. 3͑a͔͒, it is possible to determine the orientation relationship. The following epitaxial relations are found for the CFO/STO͑LSAT͒ samples:
IV. RESULTS AND DISCUSSION

A. X-ray data
A detailed examination of the ED pattern ͓Fig. 3͑b͔͒ indicates the presence along the b* axis of extra spots apart from the ones due to the CFO phase. These reflections do not correspond to the CaFeO 3 phase or to the high-temperature CFO phase. These reflections are only compatible with a unit cell with a long parameter cϷ(5/4)•b CFO Ϸ1.83 nm. The extinction conditions of this phase differ from the ones for the Ca 2 Fe 2 O 5 , which suggests that they belong to different space groups. This unusual phase, which we will call for the moment ''B phase'', compared to the Ca 2 Fe 2 O 5 phase which we will term ''A''. The ED pattern also exhibits diffuse streaks along the b* axis, related to the presence of planar ͑010͒ defects, which are visible in low magnification crosssection images. The combination of HREM and the corresponding Fourier transforms ͑FT͒ allows us to differentiate between the Ca 2 Fe 2 O 5 ͑A phase͒ and the B phase ͑Fig. 4͒. The B phase, with a c B parameter parallel to the interface normal, mainly occurs as small lamellae at the top of the CFO film and never exists over large areas. It is sometimes present as an intergrowth within the CFO film with a very limited extension. These lamellae are parallel to the ͑010͒ CFO planes and there is a clear interface ͑Fig. 4͒. A and B phases present perfect epitaxy without dislocations along the A/B interface. FT patterns obtained from areas corresponding to A and B phases confirm the ED data: A c B parameter of Ϸ1.83 nm is confirmed for the B phase. It is also important to note that the FT patterns of the B phase ͑Fig. 4͒ exhibit identical extinction conditions as observed in the ED pattern ͓Fig. 3͑a͔͒. The extinction conditions obtained from the ͓100͔* zone for the B phase are the following: 00l reflections with l 2n, 0k0 reflections with k 2n and 0kl reflections with lϩk 2n. Since A and B phases present different extinction conditions, we can conclude that they belong to different space groups. Image simulations of the A phase show that under the experimental defocus conditions of Fig. 4 , the bright dots represent the heavy atoms columns ͑Fe-O columns being brighter than Ca columns͒. The B phase is built up of double perovskitetype layers along the c B axis which are shifted over a p /2 with respect to the adjacent layers along a direction perpendicular to the c B axis. This arrangement gives rise to the intergrowth of one CaO rock salt-type layer between adjacent double perovskite-type layers ͑marked with two small arrows in Fig. 4͒ .
The iron and calcium content of the CFO film was evaluated by EDX analysis performed inside the electron microscope. The A phase contains an equal amount of iron and calcium, while the B phase always exhibits a higher calcium content.
The B structure was determined combining all information from the HREM, ED, and EDX, taking into account the structure symmetry and the crystal chemistry of the constituent atoms. The proposed structure for the B phase belongs to the Ruddlesden-Popper ͑RP͒ family of compounds. 17 RP structures have the general formula A nϩ1 B n O 3nϩ1 and consist of perovskite (ABO 3 ) n blocks, which are bordered by rock salt ͑AO͒ layers. Figure 5 shows the schematic crystal structure for the B phase: Ca 3 Fe 2 O 7 is the nϭ2 compound, where the perovskite structure is the nϭϱ end member. The image simulation ͑inset in Fig. 4͒ based on the RP model shows a good fit with the experimental image. Also the Ca/Fe ratio agrees with the EDX measurements. Although the stable B structure in the absence of external stresses is tetragonal, it is not unreasonable to assume that within the CFO film the B structure may be slightly deformed by the stress field imposed by the orthorhombic A phase surrounding it. A three-dimensional stress accommodation in epitaxial films through a phase transition was previously suggested by Lebedev et al. 18 The symmetry lowering of the B phase would lead to the appearance of extra reflections. However, these reflections would be superposed on the A-phase reflections.
Cross-section HREM images of CFO/STO͑LSAT͒ interfaces reveal sharp and well defined interfaces ͑Fig. 6͒. Film and substrate are perfectly coherent. The image simulation of the CFO/LSAT interface in Fig. 6 shows that under the experimental defocus conditions, the brighter dots image the light atom ͑i.e., oxygen͒ configuration. Since STO and LSAT have a perovskite structure and Ca 2 Fe 2 O 5 is closely related to perovskite, it is safe to assume that the perovskite stacking will remain continuous along the interface and a FeO 2 octahedral layer ͑O layer͒ will develop rather than a FeO tetrahedral layer ͑T layer͒. Thus, two different types of possible interface arrangements for the CFO/STO films are possible: ͑a͒ Bulk-SrO-TiO 2 -CaO-FeO 2 -CaO-FeO-CaO-bulk, and ͑b͒ bulk-TiO 2 -SrO-FeO 2 -CaO-FeO-CaO-bulk. While for the CFO/LSAT films, the possible interface arrangements are the following: ͑a͒ Bulk-Sr͑La͒O-Al͑Ta͒O 2 -CaO-FeO 2 -CaO-FeO-CaO-bulk, and ͑b͒ bulk-Al͑Ta͒O 2 -Sr͑La͒O-FeO 2 -CaO-FeO-CaO-bulk. We compared experimental HREM images of the CFO/LSAT interface with calculated images based on the two proposed models. They support the model where the first layer grown on the LSAT substrate is an octahedral layer. The position of the interface is indicated by arrowheads. Therefore, a stacking sequence with a CaO initiating layer is more likely and the interface arrangement would be bulk-Sr͑La͒O-Al͑Ta͒O 2 -CaO-FeO 2 -CaOFeO-CaO-bulk. The image simulation of the CFO/LSAT interface ͑inset in Fig. 6͒ is based on this model and shows good agreement with the experimental HREM image. The same arguments hold for the CFO/STO interface, thus the most likely stacking sequence is bulk-SrO-TiO 2 -CaOFeO 2 -CaO-FeO-CaO-bulk. Moreover, there are a large number of experimental as well as theoretical surface studies that point toward a TiO 2 -terminating layer in untreated ͑001͒ STO. 19 Antiphase boundaries ͑APB͒ are observed in the CFO film grown on LSAT more than in the film on STO. These APB are mostly generated by growth on a stepped surface (a p steps͒. Mostly the APB, with a displacement vector R ϭ1/4͓101͔ b , grows through the complete CFO film. However, in a few cases, the APB are released in the film by the presence of a stacking fault. This stacking fault inserts an extra FeO plane in the CFO structure, resulting in a O-T-O-T-T stacking arrangement. Figure 7͑a͒ is a low magnification plan-view image of a CFO/STO͑001͒ specimen along the b axis. Two mutually perpendicular strips of different contrast along the ͗101͘ CFO directions are visible in the film; they are actually twin bands with an average width of around 15 nm. The twin boundaries are not exactly observed edge on in order to improve the contrast. Note that one family ͓horizontal in Fig. 7͑a͔͒ is clearly more pronounced; this is the case over the whole sample. The corresponding ED pattern in Fig. 7͑b͒ exhibits a square pattern where the most intense reflections are due to both the substrate and the film, whereas the weaker spots are exclusively due to the CFO film. The preferentially ͕101͖-type twin planes are parallel to a ͕100͖-type plane of the cubic substrate. The rows of spots perpendicular to the predominant ͕101͖-type twin boundary planes are split in two components, the magnitude of the splitting increasing with increase distance from the row of unsplit spots. The magnitude of the splitting angle of the spots can be calculated based on the orthorhombicity and is determined by ␦ ϭ180°Ϫ4•arctg(c/a). For the orthorhombic CFO unit cell, one obtains ␦ϭ3.409°, in good agreement with the measured angle in Fig. 7͑b͒ .
In the low magnification plan-view image of a CFO/ LSAT͑001͒ sample in Fig. 8͑a͒ , the ''orthogonal'' twins, with an average width of 15 nm, are also present. The corresponding ED pattern along ͓010͔ CFO * is shown in Fig. 8͑b͒ . The preferentially ͕101͖-type twin planes are parallel to a ͕100͖-type plane of the cubic substrate. The ED pattern taken from a twinned area exhibits a square pattern of the LSAT spots with weaker spots due to the CFO film. In this case, however the CFO spots are split along two orthogonal ͓101͔ b directions creating a cross-type shape, the magnitude of the splitting of the outer spots in the cross increases linearly with increasing distance from the ͕h0h͖ twin planes. The crosstype shape is typical for a microstructure consisting of four differently oriented types of domains. 20 The ED patterns of Figs. 7͑b͒ and 8͑b͒ show the presence of h00 reflections with h 2n and 00l reflections with l 2n that violate the extinction conditions imposed by the Pcmn space group. The appearance of these forbidden reflections however can be attributed to double diffraction.
It is remarkable that CFO spots for the CFO/STO specimen ͓Fig. 7͑a͔͒ are split in two components rather than in four. The average lengths of the twins on the STO substrate are larger ͑around 200 nm͒ ͓Fig. 7͑a͔͒ compared to the average lengths of the twins on the LSAT substrate ͑around 70 nm͒ ͓Fig. 8͑a͔͒. Therefore, the selected area ED pattern in Fig. 7͑b͒ is only representative of two differently oriented domains, whereas the ED in Fig. 8͑b͒ is representative of four differently oriented domains. The average length of the twin domains is closely related to the lattice mismatch. A larger misfit stress would promote the development of smaller twin domains to accommodate the free strain energy. Consequently, it is not surprising that the larger twin domains are developed in CFO films grown on STO.
A twin boundary HREM image of a plan-view CFO/ STO is shown in Fig. 9͑a͒ . The twinned domains have mutually perpendicular a and c axes. Calculated image simulations based on the model of Fig. 9͑b͒ show that all heavyatoms columns are imaged as bright dots ͑Fe-O columns being brighter however than Ca columns͒. These ͑101͒ mirror twins, in which a and c axes are interchanged across the twin boundary, interconnect opposite sense tetrahedra chains along the twin boundary leading to oxygen-deficient sites. Deviation of the oxygen stoichiometry from the ideal value is suggested to be an important factor controlling oxygen diffusion. Therefore, oxygen diffusion will preferentially occur along twin boundaries rather than through the CFO film. 15 
Ca 2 Fe 2 O 5 ÕLAO
A cross-section of the CFO/LAO sample viewed along a cube direction parallel to (001) LAO together with its corresponding diffraction pattern is shown in Fig. 10 . In contrast to the previous samples, the CFO film grown on LAO is fragmented into grains and exhibits a rough surface and a very variable thickness ranging from 30 nm to 100 nm. The ED pattern indeed consists of four superposed subpatterns. The most intense spots, which form a square pattern, are due to the LAO substrate. The other three subpatterns correspond to three orientation variants of the orthorhombic structure with the b axis along three mutually perpendicular cubic directions. This results in the formation of 90°rotation twins. Two CFO subpatterns, marked by a small square and a rectangle in Fig. 10͑b͒, present Higher-order reflections exhibit a visible splitting parallel to the interface normal due to the lattice misfit between film and substrate. Besides the expected epitaxial relation with the b axis parallel to the interface ͑see Table I͒ , an unexpected epitaxial relation with the b axis perpendicular to the interface also occurs. This is due to the lattice energy involved in the interface configuration. During the film deposition, the perovskite stacking tends to remain continuous and an octahedral layer is more likely to grow than a layer of alternating tetrahedra and octahedra. Although the desired configuration with the b axis parallel to the interface has a smaller lattice mismatch, a more stable interface configuration, which involves less lattice energy, is also formed. Moreover, the symmetry breaking at the phase transition of the LAO substrate may also affect the CFO growth process. Figure 11 summarizes the three epitaxial relations with the b axis parallel and perpendicular to the interface.
In Fig. 12 , a HREM image of CFO/LAO͑001͒ interface with the b axis parallel to the contact plane shows perfect coherence of the lattice planes crossing the interface. A comparison of the observed and simulated images of the interface, superposed on a model of the projected structure, shows that under the imaging conditions used here, the bright dots correspond to columns of heavy atoms. In the LAO substrate, all heavy-atom columns are imaged as bright dots of two somehow different brightness levels ͑Al columns being brighter than La columns͒. The image in Fig. 12 suggests that the substrate is terminating with an AlO 2 layer. It is important to note that there is no evidence for the occurrence of dislocations along the interface, although many staking faults, parallel to the interface plane, have been observed.
V. CONCLUSION
Misfit stress clearly influences the structure and the microstructure of epitaxial films. This has been demonstrated by TEM for CFO films grown on STO, LAO, and LSAT perovskite-type substrates. In particular, minor variations in the lattice mismatch of the CFO film and the three different substrates strongly determine the growth direction of the films. The misfit stress produced by the lattice mismatch also promotes the development of strain accommodation mechanisms in order to minimize the free strain energy. Therefore, the formation of ͑101͒ ''orthogonal'' twins occurs in epitaxial films of CFO on STO͑001͒ and LSAT͑001͒, while CFO films on LAO͑001͒ are found to develop 90°rotation twins leading to film fragmentation into grains. The growth direction of the CFO film on a LAO substrate not only depends on lattice mismatch but also on the lattice energy involved at the initial stages of the growth process.
The present results also evidence the formation of an unexpected phase with composition Ca 3 Fe 2 O 7 in CFO thin films on STO and LSAT. HREM and ED suggest that this structure belongs to the RP family. The presence of the Ca 3 Fe 2 O 7 phase leads to a change in the chemistry of the film in addition to the microstructure.
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